This study describes the exposure of coke plant workers to methoxyphenols. The relationship between exposure to methoxyphenols and urinary excretion of metabolites was examined. Methods: We determined concentrations of 2-methoxyphenol, 2-methoxy-4-methylphenol and 1-(4-hydroxy-3-methoxyphenyl)ethanone in the breathing-zone air and in the urine of workers, collected after the workshift. Urine metabolites were extracted after enzymatic hydrolysis by solid-phase extraction. Concentrations of methoxyphenols in air and urine were determined by gas chromatography with flameionization. Results: The time-weighted average concentrations (median) of methoxyphenols in the breathing zone air were as follows: 9.9 ng/m 3 , 15.4 ng/ m 3 and 92.5 ng/m 3 for 2-methoxyphenol, 2-methoxy-4-methylphenol and 1-(4-hydroxy-3-methoxyphenyl) ethanone, respectively. The median values of urinary concentrations were as follows: 582.5, 190.1, 235.0 and 21.8 µmol/mol creatinine for 2-methoxyphenol, 2-methoxy-4 methylphenol, 1-(4-hydroxy-3-methoxyphenyl)ethanone and 2,6-dimethoxyphenol, respectively. A statistically significant correlation between the exposure level and the urinary level was found for 2-methoxyphenol (r=0.573, p<0.01). Conclusion: We found that the presence of 2-methoxyphenol in urine can be used as a biomarker for 2-methoxyphenol exposure. The analysis performed at the coke plant showed that the workers were exposed to relatively low concentrations of methoxyphenols. (J Occup Health 2011; 53: 110-114) 
Coke plants are a source of aromatic hydrocarbons, polycyclic aromatic hydrocarbons 1, 2) and phenolic compounds 3, 4) . In the current literature, woodsmoke exposure is well documented [5] [6] [7] [8] , whereas there are very few reports on exposure to methoxyphenols at coke plants. Biomass smoke is a complex mixture of gases and particles including methoxyphenols. Volatile methoxybenzene compounds can be found in biomass smoke generated by burning sorghum, soybean 9) , grass, heather and birch wood 10) . For instance, large amounts of the 2,6-dimethoxyphenol are produced by eucalyptus firewood combustion 11) , however most samples containing methoxybenzenes are odorless. Methoxyphenols are derived from the pyrolysis of the wood polymer, lignin, and have been used as specific tracers of woodburning [12] [13] [14] . Exposure to methoxyphenols may occur in the juice processing 15) and when burning forest plant materials 10) . Methoxyphenols are used as atmospheric markers to determine the contribution of wood smoke to ambient fine particulate matter 7, 8, 16) . According to Hawthorne et al. 17) , the total methoxyphenol exposure levels measured in ambient samples in wintertime [1988] [1989] in Minneapolis were in the range of 354-3,510 ng/m 3 (median 907 ng/ m 3 ). Schauer et al. 18) reported methoxyphenol levels ranging from 0.4 to 876 ng/m 3 (median 97 ng/m 3 ) in ambient samples collected at three locations in the USA. Bari et al. 16) found that the total methoxyphenol levels in ambient air of a residential area near Stuttgart, Germany, were in the range of 2-451 ng/m 3 . The urinary assay for methoxyphenols was developed for the biological monitoring of wood smoke exposure 6) . It was found that methoxyphenols are rapidly and efficiently eliminated by urine. According to Dills et al.
7)
Field Study and Clark et al. 8) , urinary methoxyphenols were proposed as biomarkers for woodsmoke exposure. Human and animals studies show that 2-methylphenol (guaiacol) and 2,6-dimethoxyphenol (syringol) do not undergo phase I metabolism and are rapidly excreted in urine as glucuronide and sulfate conjugates 19, 20) . Urinary elimination half-lives are generally shorter for 2,6-dimethoxyphenol (3 h) than for 2-methylphenol (5 h) 7) . In our previous investigation 21) , methoxyphenols were detected in the urine of coke-plant workers, however a detailed analysis regarding the relationship between exposure and metabolite levels was not performed. The methoxyphenols in urine of coke plant workers were identified by GC/mass spectrometry after enzymatic hydrolysis and solid phase extraction on a styrene divinyl benzene copolymer 22) . The aim of the present study was to determine the methoxyphenols in the breathing zone air and their metabolites in the urine of coke plant workers. The urinary excretion of methoxyphenols was also evaluated as a biomarker for personal exposure to methoxyphenols.
Material and Methods

Subjects
The study population consisted of 39 male workers of a coke plant situated in the industrial area of Poland. The workers, aged 23-63, were mainly exposed to aromatic hydrocarbons and phenolic compounds (group A). The survey was performed on the 4th day of the workweek. The air and urine samples were collected on the same day during the day shift (6:00 AM-2:00 PM). About seventy two (71.8%) percent of workers were current smokers (15.5 ± 4.6 cigarettes/day). The reference group (group B) comprised 19 men and 10 women aged 19-55 who were not occupationally exposed. They were investigated as a control group. Sixty-two percent of the subjects were smokers and the number of cigarettes consumed per day was 9.6 ± 3.6.
Air and urine sampling was approved by the Human Experimentation Committee of the Medical University of Silesia, Poland.
Air sampling
Air samples were collected in the workers' breathing zones during the shift. Personal sampling was performed using a battery-operated pump (type AFC 123 Casella Ltd, London) connected to a filter holder attached to the shoulder of the subject. Air was aspirated at a flow rate of 0.5 l/min through silica gel (Kieselgel 40, 0.2-0.5 mm; Fluka). The methoxyphenols were released from the silica gel by treating them with 1 ml of methanol, and then the methanol solution (1 µl) was injected into the gas chromatography (GC) column. Precision was in the range of 3.2-10.0%, and the limit of detection varied in the range of 0.06-0.21 ng/m 3 .
Urine sampling and analysis
The exposed workers and the unexposed reference group were asked to collect urine over the last 4 h of the 8-hour shift. The samples were transferred to the analytical laboratory and kept frozen (-20 o C) until the analysis. The GC/FID analyses of the 2-methoxyphenol (guaiacol), 2-methoxy-4-methylphenol (methylguaiacol), 1 -( 4 -h y d r o x y -3 -m e t h o x y p h e n y l ) e t h a n o n e (acetovanillone), and 2,6-dimethoxyphenol (syringol) content in urine were carried out. A slight modification was introduced to the procedure 21) we described previously. First, the conjugated metabolites in a 10 ml urine sample were hydrolyzed with β-glucuronidase/arylsulfatase and then the metabolites were extracted by solid phase extraction on octyl cartridges. The methoxyphenols were separated using a capillary column Ultra 2 (cross-linked 5/95% diphenylpoly(dimethylsiloxane) 25 m × 0.32 mm i.d., 0.52 µm film thickness). The methanol extract (1 µl) was subjected to GC analysis for quantification of methoxyphenols according to our previously described method 21) . Precision was in the range of 2.8-16.2%, and the limit of detection varied in the range of 0.04-0.12 µg/ ml.
Urinary methoxyphenol concentrations were normalized to creatinine to account for diuresis. As the WHO 20) recommends an optimal creatinine range of 30-300 mg/ dl for analysis of urine samples, the two urine samples with creatinine values outside this range were excluded from all data analyses. The creatinine content in each sample was analyzed by a method based on the Jaffe reaction and determined spectrophotometrically.
Statistical analysis
Statistical analysis was conducted with STATISTICA 6.0 software. The parameters were characterized as median, the 5 th percentile and the 95 th percentile because assumptions about the shape of the distribution could not be made. Therefore, we decided to use the nonparametric Mann-Whitney U test for comparisons between the groups. Correlations were evaluated with Spearman's test. Table 1 presents the results describing the occupational exposure to methoxyphenols of the coke plant workers. Values of the statistical parameters, median and the 5 th and 95 th percentiles, indicate that the exposure levels to 2-methoxyphenol, 2-methoxy-4-methylphenol and 1-(4-hydroxy-3-methoxyphenyl) ethanone were rather low. 2,6-Dimethoxyphenol was not found in the air samples. Table 2 shows the results of statistical analysis of the methoxyphenols which were identified in the urine of exposed workers and non-exposed subjects. All compounds under investigation appeared simultaneously in the urine of only 27 workers (69.23%). Concentrations of the urinary methoxyphenols were adjusted for the urinary creatinine concentration (µmol/mol creatinine) to control for the variability in urine dilution. The creatinine content in urine samples varied, ranging from 35.4 to 312.8 mg/dl (mean ± SE, 143.4 ± 61.6).
Results
The upper limits of urinary concentrations of 2-methoxyphenol, 2-methoxy-4-methylphenol, 1 -( 4 -h y d r o x y -3 -m e t h o x y p h e n y l ) e t h a n o n e a n d 2,6-dimethoxyphenol were found to be equal to 1101.5, 417.6, 728.0 and 42.6 µmol/mol creatinine, respectively.
As seen in Table 2 , methoxylated phenols were also present in the urine of non-exposed subjects (group B). Although the exposure levels were low, statistically significant differences (p<0.05) between methoxyphenol concentrations in the urine of coke plant workers (group A) and non-exposed subjects (group B) were found.
The correlation between the time-weighted average methoxyphenols exposure and the creatinine-adjusted concentrations of urinary methoxyphenols was examined by regression analysis. Figure 1 shows the linear regression graph for 2-methoxyphenol corrected for creatinine content in urine. A significant correlation between the concentrations of 2-methoxyphenol in air and in urine was found (r=0.573, p<0.01). Correlation coefficients for 2-methoxy-4-methylphenol and 1-(4-hydroxy-3-methoxyphenyl) ethanone were low, i.e. 0.373 and 0.49, which indicating a statistically insignificant result.
Discussion
The coal-tar industry is a major source of small amounts of phenolic compounds which are directly emitted to the environment. In an earlier investigation, the occupational exposure to phenolic compounds (phenol, methylphenol and dimethylphenol isomers) was analysed by the determination of these compounds in the breathing zone air and urine of workers 3) . In the present study, we found that the time-weighted average concentrations of 2-methoxyphenol, 2-methoxy-4-methylphenol and 1-(4-hydroxy-3-methoxyphenyl) ethanone in the vapor phase were relatively low in comparison to the concentrations of methylphenol and dimethylphenol isomers in the breathing zone air of workers engaged as b Number of subjects in whom the methoxyphenols in air were excreted within the analytical detection limits. b Number of subjects in whom the methoxyphenols were excreted within the analytical detection limits; p-value for group A vs. B. operators in the tar distillation process. On the basis of GC analysis of the breathing zone air, we showed that the mean concentrations of the 2-methoxyphenol, 2-methoxy-4-methylphenol and 1-(4-hydroxy-3-methoxyphenyl)ethanone were equal to 9.9 ng/m 3 , 15.4 ng/m 3 and 92.5 ng/m 3 , respectively. Concentrations of 2-methoxyphenol detected in our experiment were lower than target values. OSHA 23) recommends a level of 5 mg/m 3 as the TWA for 4-methoxyphenol. Despite these low concentrations, methoxyphenols are a health risk for coke workers' skin, eyes and respiratory system 23) . It is difficult to estimate the dose of methoxyphenols absorbed by the respiratory tract of workers because their content in the air has not been determined. In the highly industrialized and urbanized Upper Silesia, only the phenol content is monitored. According to the data collected in 2004 by the Sanitary and Epidemiological Station in Katowice (Poland), the phenol levels in ambient air ranged from 2.9 to 5.6 µg/m 3 24) . The highest values were recorded in the areas of the greatest industrial concentration. However, methoxyphenol pollution levels have been determined by other researchers. According to the data presented by Simpson et al. 5) , the median PM 2.5 concentrations for ambient PM samples of 2-methoxyphenol, 2-methoxy-4-methylphenol and 1-(4-hydroxy-3-methoxyphenyl) ethanone were equal to 0.64 ng/m 3 , 0.06 ng/m 3 , and 0.22 ng/m 3 , respectively. We found that the 2-methoxyphenol, 2-methoxy-4-methylphenol, 2,6-dimethoxyphenol and 1-(4-hydroxy-3-methoxyphenyl) ethanone concentrations in the urine of workers (group A) were higher than those in the nonexposed subjects (group B). This result shows rather low occupational exposure to methoxyphenols. The median values for 2,6-dimethoxyphenol in the urine of workers and non-exposed subjects were 21.8 and 9.5 µmol/mol creatinine, respectively (Table 2) . Probably, 2,6-dimethoxyphenol appeared in urine as a metabolite of aromatic hydrocarbons because 2,6-methoxyphenol was not found in the air samples.
In our study the concentration of 1-(4-hydroxy-3-methoxyphenyl) ethanone (acetovanillone) in air was significantly higher than the concentration of the other methoxyphenols. Further research is needed to explain this result. According to Dills et al. 7) , the concentration of acetovanillone was significantly higher than the 2-methoxyphenol, 2-methoxy-4-methylphenol, and 2,6-dimethoxyphenol content in the personal air of subjects exposed to woodsmoke.
In the present study, a low positive correlation (r=0.573) was found between 2-methoxyphenol detected in the breathing zone air and urinary 2-methoxyphenol of coke plant workers. Dills et al. 7) found a significant correlation between urinary methoxyphenols for PM 2.5 26) , the creatinineadjusted summed methoxyphenols were highly associated with CO exposure levels (r=0.83).
The unsatisfactory correlation found between urinary 2-methoxy-4-methylphenol and 1-(4-hydroxy-3-methoxyphenyl) ethanone in air may result from the uncontrolled occurrence of these compounds in the environment.
The urinary methoxyphenols found in the control group may reflect the uptake of small amounts of methoxyphenols from environmental sources or food 15) and tobacco smoke 27, 28) . Other, studies have shown that urinary methoxyphenols 12, 14) are also derived from the consumption of smoked foods or smoke flavoring. The reference group (B) comprised subjects who lived in a highly industrialized region, but who were not occupationally exposed. According to our results, concentrations of urinary 2-methoxyphenol, 2-methoxy-4-methylphenol, 2,6-dimethylphenol and 1-(4-hydroxy-3-methoxyphenyl) ethanone were higher than those measured by Dills et al. 7) but lower than the values reported by Clark et al. 8) . In conclusions, we found that the coke plant workers were exposed to relatively low concentrations of methoxyphenols in comparison to exposure limits. The statistically significant correlation between the exposure levels and the urinary levels of 2-methoxyphenol show that this compound can be used as an effective biomarker of methoxyphenol exposure.
